Water-soluble 4-(dimethylamino) pyridine (DMAP) stabilized gold nanoparticles (DMAP-AuNP) were synthesized by ligand exchange and phase transfer (toluene/water). The DMAP-AuNPs are positively charged with the core diameter of 4 ( 1 nm. Metallopolymer-gold nanocomposites were prepared by mixing gold nanoparticles and [Ru(bpy) 2 PVP 10 ](ClO 4 ) 2 , in water at different mole ratios; bpy is 2,2 0 -bipyridyl and PVP is poly (4-vinylpyridine). The photoluminescence emission intensity of the metallopolymer decreases with increasing AuNP loading and approximately 57% of the emission intensity is quenched when the Au NP:Ru mole ratio is 14.8 Â 10 -2 . The rate of homogeneous charge transfer through thin layers of the nanocomposite deposited on glassy carbon electrodes increases with increasing nanoparticle loading. The homogeneous charge transport diffusion coefficient, D CT , for the composite (AuNP:Ru mole ratio 13.2 Â 10 -2 ) is (2.8 ( 0.8) Â 10 -11 cm 2 s -1 and is approximately 3-fold higher than that found for the pure metallopolymer. Significantly, despite the ability of the metal nanoparticles to quench the rutheniumbased emission, the electrochemiluminescence of the nanocomposite with a AuNP:Ru mole ratio of 4.95 Â 10 -2 is approximately three times more intense than the parent metallopolymer. This enhancement arises from the increased rate of charge transport that leads to a greater number of excited states per unit time while minimizing the quenching effects. The implications of these findings for the design of electrochemiluminescent sensors are discussed.
Introduction
The combination of metal nanoparticles or quantum dots and metal complexes leads to materials with attractive electrochemical and photonic properties. A striking example of where both redox and spectral properties need to be carefully optimized is in electrochemiluminescence, ECL.
1-4 Enhanced ECL generation is a particular challenge, since the luminophore-nanoparticle separation and spectral overlap, as well as ground and excited state redox properties, must be simultaneously optimized so as to maximize electrochemical generation of the luminophore and coreactant while minimizing electron and energy transfer quenching. Recently, there have been reports on composites of gold nanoparticles and monomeric metal complexes or organic luminophores such as AuNP-[(Ru(bpy)] 3 2þ for the ECL detection of NADH 5 and thrombin. 6 Also, human immunoglobulin G has been detected using AuNP-luminol-based derivatives, 7 and DNA has been measured using AuNP-CdS:Mn nanocrystal films using electrochemiluminescence. 8 However, it is challenging to control the luminophore/AuNP ratios and physical separations in these systems. This is an important objective since metallic surfaces strongly influence the emission characteristics of luminophores and, depending on their physical separation, the emission may be enhanced 9 or quenched.
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The use of metallopolymers that contain coordinated metal complexes allows many of these issues to be addressed. For example, the statistical separation between adjacent metal complexes can be defined and the mole ratio of nanoparticles to metal complexes can be systematically varied to control the nanoparticleluminophore separation. Both of these conditions are important for optimizing ground-and excited-state interactions as well as the rate of charge transport (film conductivity) that are necessary for efficient ECL. Within these materials, it is of course possible to tune the plasmon of the nanoparticles [11] [12] [13] [14] [15] into resonance with the metallopolymer emission properties. In this way, metal-enhanced emission or surface-enhanced resonance Raman may be observed. These properties are attractive for biological optical imaging, 16, 17 sensing, 18 and optoelectronic nanodevices.
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In this contribution, we report on the electrochemical, photoluminescence, and charge transport properties of a composite of *To whom correspondence should be addressed.
( 4-(dimethylamino) pyridine (DMAP)-protected gold nanoparticles and the metallopolymer, [Ru(bpy) 2 PVP 10 ](ClO 4 ) 2 , at different mole ratios; PVP is poly(4-vinylpyridine) and bpy is 2,2 0 -bipyridyl. These materials are attractive for forming nanocomposites 20 because of their electrochemical and photonic properties. [21] [22] [23] [24] [25] For example, we previously demonstrated that the nanoparticle-free metallopolymer generates ECL directly from the reaction of guanine bases in oligonucleotides in the ultrathin films without using a sacrificial reductant. 26 Moreover, the unlabeled pyridine groups are capable of stabilizing the metal nanoparticles so as to prevent aggregation. Incorporating nanoparticles ought to improve the conductivity of the polymer and hence the number of Ru 3þ centers available per unit time for light production. Here, we report that the optically driven emission intensity decreases with increasing nanoparticle loading due to quenching, suggesting that the nanoparticles can approach the ruthenium complexes to within the Forster distance. In striking contrast, the electrochemiluminescence intensity is highest for intermediate nanoparticle loadings. These results provide significant new insights into the differences between materials with properties optimized for solution and thin film based assays as well as choice of excitation approach.
Experimental Section
Materials. All reagents were obtained from Sigma Aldrich and used as received.
Synthesis of DMAP-Protected Au Nanoparticles. DMAPprotected Au nanoparticles were synthesized using the phase transfer procedure reported by Gittins. 27 Briefly, 30 cm 3 of a 30 mM aqueous solution of HAuCl 4 were added to 80 cm 3 of 25 mM tetraoctylammonium bromide (TOAB) in toluene. Then, 25 cm 3 of 0.4 M aqueous NaBH 4 were added to the mixture with stirring, causing an immediate reduction to occur. After 30 min, the two phases were separated and the toluene phase was subsequently washed with 0.1 M H 2 SO 4 , 0.1 M NaOH, and H 2 O (three times), and then dried over anhydrous NaSO 4. An equal volume of 0.1 M aqueous solution of 4-dimethylaminopyridine (DMAP) was then added. The phase transfer is clearly visible as the dark pink colored solution transfers from toluene to water due to the addition of the DMAP and was complete within 1 h.
Synthesis of [Ru(bpy) 2 PVP 10 ] (ClO 4 ) 2 . The metallopolymer was synthesized using a modified literature method. 28 First, cis-[Ru(bpy) 2 Cl 2 ] was synthesized by a standard procedure. 29 Then, 60 mg (0.13 mmol) of cis-[Ru(bpy) 2 Cl 2 ] was added to 39.2 mg (0.23 mmol) of AgNO 3 in 10 cm 3 of reagent-grade methanol followed by vigorous stirring for 1 h. 30 The resulting precipitate of AgCl was removed by vacuum filtration and the filtrate containing [Ru(bpy) 2 (H 2 O) 2 ](NO 3 ) 2 evaporated to dryness. A 10-fold molar excess of poly(4-vinylpyridine) (weight average molecular weight = 160 000 g mol (NO 3 ) 2 . The mixture was refluxed in the dark and was monitored by cyclic voltammetry until completion. The volume was then reduced to a minimum, and the product was precipitated by adding Na(ClO 4 ) 2 . The typical yield of [Ru(bpy) 2 PVP 10 ] (ClO 4 ) 2 was 83%. The product was characterized as reported previously using cyclic voltammetry, as well as emission and UV-visible spectroscopies.
Apparatus and Procedures. Absorbance and photoluminescence spectra were recorded using a Shimadzu UV-240 spectrophotometer and a PerkinElmer LS-50 luminescence spectrometer, respectively. Fluorescence lifetime studies were made on a PicoQuant PDL-800B pulsed diode laser controller and FluoTime 100 time-correlated single photon counting system (TCSPC) with a 450 nm pulsed laser source with a cut-on filter of 530 nm. TCSPC analysis was preformed using PicoQuant FluoFit software. Transmission electron microscopy (TEM) was carried out on a JEOL JEM-2011 electron microscope operated at an accelerating voltage of 200 kV. Images were recorded using a Gatan dual Vision 600t CCD camera attached to the microscope. Energydispersive X-ray (EDS) analysis was undertaken with a Princeton Gamma Tech Prism 1G system with a 10 mm 2 silicon detector attached to the TEM, and the peaks were analyzed with Imix 10.594 software. The system was calibrated using manganese (Mn). The samples were prepared by drop-casting the colloidal solution onto a carbon-coated copper grid and the solvent evaporated. The particle size of approximately 800 individual nanoparticles was used to determine the particle size distribution. Atomic microscopic topography (AFM) images were carried out using a Digital Instrument Bioscope II with a Nanoscope 7.30 controller operating in air. AFM images were taken in contactmode configuration with a commercial nonconductive silicon nitride cantilever. AFM was also used to estimate the thickness of the films using a well-established procedure. 31 Zeta potential measurements were performed in water using Malvern Zetasizer Nano instrument, and at least five independent measurements were averaged.
Cyclic voltammetry measurements were performed using a CH Instrument model 720b electrochemical workstation using a conventional three-electrode cell. A glassy carbon electrode of 3 mm diameter was used as the working electrode and a platinum wire as a counter electrode. All potentials were quoted versus an Ag/AgCl reference electrode, and all the measurements were recorded at room temperature. The ECL measurements involving the simultaneous detection of light and current were performed using a CH instrument model 720b connected to an Oriel 70680 photomultiplier tube (PMT). The PMT was biased at -850 V by a high voltage power supply (Oriel, model 70705) and an amplifier/ recorder (Oriel, model 70701). During the experiments, the cell was kept in a light-tight box in a specially designed holder in such a way that the working electrode was always positioned in a direction opposite to the fiber optic bundle, the other end of which was coupled to the PMT.
Glassy carbon electrodes were cleaned by successive polishing using 3 and 0.05 μm alumina slurry, followed by sonication in acetone, ethanol, and water, respectively, for 15 min. Films of the [Ru(bpy) 2 PVP 10 ](ClO 4 ) 2 were obtained by drop-casting 100 μL of 20 μM Ru metallopolymer solution on the glassy carbon electrode and then evaporating to dryness in the dark overnight. Composite films of metallopolymers and Au nanoparticles were made by mixing the metallopolymer and nanoparticles together. Specifically, the polymer was dissolved in DMF/ ethanol mixture (v/v; 50:50) and the required volume of the aqueous suspension of gold nanoparticles was then added to give the required mole ratio. Films were then formed by drop-casting the solution. Surface coverages were experimentally calculated by graphical integration of the background-corrected cyclic voltammograms (5 mV s 
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Results and Discussion
Gold Nanoparticle Characterization. Figure 1A ,B shows the TEM images of the DMAP-Au nanoparticles and demonstrates that they are essentially size monodisperse with an average diameter of approximately 4 ( 1 nm ( Figure 1C) . Figure 1D illustrates the EDS spectrum, which shows the peaks corresponding to Au as well as Ni and Cu peaks originating from the copper grid substrate. Electrophoretic mobility measurements on the DMAP-Au NPs in aqueous solution yield an average ζ-potential of þ17.3 mV, which further confirms the successful formation of positively charged DMAP-coated Au NPs. The surface charge on the gold nanoparticles that stabilizes the particles in water arises from the partial protonation of the exocyclic nitrogens that extend away from the nanoparticle surface toward the solvent.
32 Assuming a 100% efficient reduction of gold chloride and no losses during transfer and washing steps, the particle size yields a particle concentration of approximately 3.3Â10 -6 M in the stock solution arising from the nanoparticle synthesis.
Au NPs typically show an intense absorption peak around 500-550 nm 33 arising from the surface plasmon resonance (SPR). 34 The plasmon band is sensitive to the surrounding environment, e.g., dielectric changes and binding to the surface. The TOAB-protected Au nanoparticles exhibit a plasmon absorption band at 531 nm in toluene, whereas DMAP-Au NPs exhibit a plasmon absorption band at 524 nm (extinction coefficient (2.95 ( 0.1) Â 10 5 M -1 cm -1
). The shift in the wavelength of the plasmon absorption is consistent with the change in dielectric constant (refractive index) on going from toluene to water.
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Photoluminescence in Solution. Depending on the distance, d, that separates a luminophore from the metal surface, either quenching (d < 10 nm) or metal-enhanced emission (20 < d < 50 nm) are possible. 34 Figure 2 shows that the typical rutheniumbased emission at 610 nm decreases as the concentration of DMAP-Au NPs is increased. The inset in Figure 2 shows the spectral overlap between the absorbance spectra of DMAP-Au NPs (solid line) and the emission spectrum of metallopolymer (dashed line). This result suggests that the DMAP-Au NPs quench the emission by an energy transfer mechanism. In the presence of the DMAP-Au NPs, the emission spectrum shows a weak shoulder on the low-energy side, especially when the mole ratio of the AuNPs:Ru is relatively high. This behavior is reminiscent of the behavior observed in solid solution suggesting that there is a significant interaction between the polymer and the surface of the gold nanoparticles leading to a more rigid microenvironment around the luminophore. Figure 3 shows that the Stern-Volmer plot of I 0 /I versus the quencher concentration is approximately linear (lower curve, squares). However, given the large extinction coefficient of the nanoparticles at the excitation wavelength, it is important to consider the increased absorbance at the excitation wavelength from the nanoparticles. Therefore, the emission intensity was corrected using eq 1:
where (I 0 /I) app is the ratio of the emission intensity from the unquenched and quenched samples, while A D and A Q are the absorbances of the donor and quencher, respectively, at the excitation wavelength (460 nm). Figure 3 shows that the correction for the self-absorption of the DMAP-Au NPs is less than 30%. Fluorescence resonance energy transfer (FRET) between luminophores and Au NPs typically occurs where the donor emission and acceptor quencher absorbance overlap, i.e., there is a significant overlap integral. 37 As illustrated in insets of Figures 2 and 3, the metallopolymer emission and Au NPs absorbance spectra overlap in the region between 550 and 650 nm making energy transfer thermodynamically feasible. Photoluminescence quenching can occur by different mechanisms, i.e., dynamic quenching (collisional quenching) or static quenching (complex formation). 38 Where dynamic quenching is the dominant mechanism, the sensitivity of the emission intensity and lifetime to the quencher concentration is similar. These measurements can assess whether the nanoparticles are mobile within the excited-state lifetime of the ruthenium complex or remain statically bound to the polymer backbone, e.g., through the available pyridine groups.
Significantly, time-correlated single photon counting experiments reveal that the excited state lifetime changes by less than 10% as the AuNP:Ru mole ratio is varied from 0 to 14.8 Â 10 -2 , suggesting that static quenching is the dominant quenching mechanism. The photoluminescence quenching response can be described by the Stern-Volmer equation: , which is similar to the values found in other similar systems. 39 Under these conditions, the Stern-Volmer constant represents the association constant between the gold nanoparticles and the metallopolymer backbone. The magnitude of K SV suggests that, despite the cationic nature of both the metallopolymer and nanoparticles, there is a strong association. This result may indicate that some of the pyridine units that are not labeled with ruthenium complexes may bind to the nanoparticle surface. The quenching efficiency (E Q ) can be calculated from the decrease of the donor emission using the following expression:
where I DA is the intensity of the D-A pair and I D is the intensity of the donor alone. The quenching efficiency was found to be 57% at a AuNP:Ru mole ratio of 14.8 Â 10 -2
. The quantum yield 40 for the pure Ru metallopolymer was 0.0024.
General Electrochemical Properties. The voltammetric properties of thin films of the metallopolymer alone and the nanocomposite were investigated. The thicknesses of the asdeposited metallopolymer and metallopolymer-Au nanocomposite films determined using AFM analysis are 210 ( 12 nm and 570 ( 55 nm, respectively. The roughness of the metallopolymer film increases from approximately 3 nm (pure metallopolymer) to 10 nm (metallopolymer-Au nanocomposite). the pure Ru metallopolymer shows a peak to peak separation between the anodic and cathodic waves of 70 ( 10 mV, and for scan rates up to 1000 mVs -1 , the ratio of the anodic to the cathodic peak current is indistinguishable from unity and independent of the scan rate. This behavior is in agreement with previous reports.
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Figure 4 also shows the CV response of a film of the DMAP protected gold nanoparticles alone (dashed line, no metallopolymer present) in 0.5 M H 2 SO 4 as a supporting electrolyte. The film was formed by drop casting DMAP-Au nanoparticles onto the glassy carbon electrode such that the nanoparticles form a dense array, i.e., their concentration is well above the percolation limit. The potential for the formation of the gold oxide film was þ1.35 V (vs Ag/AgCl), while the potential for the stripping of the gold oxide peak was found to be þ0.81 V. Under identical conditions, the values of the potentials for the formation and stripping of the gold oxide for polycrystalline gold were found to be 1.36 and 0.90 V, respectively. 20 The similarity of the responses for the nanoparticle array and bare gold suggest that at least a partial oxide monolayer can be formed on some of the nanoparticles and that the DMAP protecting layer is removed by scanning to positive potentials.
A key objective in the incorporation of metallic nanoparticles within the metallopolymer film is to increase the rate at which the oxidation state of the ruthenium centers can be switched. The homogeneous charge transfer diffusion coefficient, D CT , can be determined using the Randles-Sevcik equation:
where n is the number of electrons transferred (n = 1), A is the area of the electrode (cm 2 ), C is the concentration of ruthenium centers within the film (mol cm , respectively. The inset of Figure 5 shows the electrochemical response of the composite film at AuNP:Ru mole ratio of 9.9 Â 10 -2 at scan rates (from top to bottom) of 500, 400, 300, 200, and 100 mVs -1 in aqueous 0.5 M H 2 SO 4 . No significant change is observed in either the oxidation or reduction peak potential as the scan rate is increased, suggesting that the rate of homogeneous charge transport can be significantly enhanced by incorporating the DMAP-Au NPs. Significantly, Figure 5 shows that the rate of homogeneous charge transport is insensitive to the incorporation of the Au nanoparticles until a AuNP:Ru mole ratio of approximately 4.95 Â 10 -2 is reached. Once this loading is achieved, D CT increases considerably. This behavior is consistent with the percolation theory in the sense that only when a network of communicating nanoparticles is created does the rate of charge transport increase.
Electrochemiluminescence. Nanocomposites offer potential advantages in the context of electrochemiluminescence. For example, the enhanced rate of homogeneous charge transport ought to lead to more photons per unit time and, if the photonic properties and separation of the nanoparticles and luminophores are appropriately engineered, it ought to be possible to achieve metal-enhanced fluorescence effects. Figure 6 shows the ECL intensities of the metallopolymer nanocomposite with different AuNp:Ru mole ratios. The inset of Figure 6 shows that ECL emission occurs at the potential þ1.2 V, which corresponds to the oxidation of Ru 2þ/3þ moieties. It is observed from the spectra that the ECL potentials are independent of the nanoparticle loading. The ECL intensity of [Ru(bpy) 2 PVP 10 ] 2þ film in the presence of 0.1 M TPA as the coreactant is enhanced by a factor of approximately 3 at a mole ratio of 4.95 Â 10 -2 when compared to the pure metallopolymer. This concentration corresponds to ∼20 ruthenium centers per Au nanoparticle. This enhancement is consistent with the higher rate of charge transport through the layers once the nanoparticle concentration is above the percolation limit. However, as reported in Figure 2 , the Au nanoparticles quench the ruthenium emission, i.e., there is a trade-off between enhanced emission due to increased conductivity and increased quenching at high nanoparticle concentrations. This result has significant implications for the design of ECL-based sensors since metal nanoparticles can be easily incorporated into the metallopolymer but do not produce an enhanced ECL response at the highest loadings that can be achieved. Future work will focus on optimizing the nanoparticle size, composition, shape, and surface functionalization in order to optimize metal-enhanced fluorescence in this system, e.g., by tuning the nanoparticle plasmon into resonance with the polymer-based emission. 
